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Alterations in the dog renal tubular epithelium during normother-
mic ischemia. Dog kidneys were subjected to one, two, or three
hours' normothermic ischemia in situ and were then excised for
biochemical and histological evaluation. The uptake of para-
aminohippurate (PAH) by cortical slices progressively decreased
with prolongation of the ischemia, but active transport was never
abolished. Glycine uptake and oxygen consumption were only
reduced to a modest extent by the ischemia. The intracellular ion
levels were drastically altered, with loss of potassium and gain of
sodium and chloride, and considerable increases in tissue water
were observed. Acid phosphatase was liberated by the whole organ
into the venous blood and by the incubated slices into the in-
cubation medium, but both biochemical and histochemical tech-
niques showed that the total quantity of the enzyme in the cells was
hardly changed. The histochemical reaction product was localized
exclusively in the lysosomes. Morphological damage was slight
after one or two hours' ischemia, but more pronounced after three
hours, when some cells were seen to be detached from the base-
ment membrane. These relatively minor changes seem insufficient
to predict the ultimate fate of the organ after ischemia.
Modifications de l'épithélium du tubule proximal renal du chien
pendant une ischémie normothermique. Une ischémie normothcr-
mique expérimentale est effectu6e chez Ic chien pendant une, deux
ou trois heures, puis les reins de ces animaux sont prélevés et
soumis a de nombreux examens biochimiques, histologiques et
histochimiques. Au cours de cette ischémie, Ia prise de para-amino-
hippurate par des coupes épaisses de cortex incubées diminue, bien
que le transport actif ne soit pas aboli; l'absorption de glycine et Ia
consommation d'oxygéne ne diminuent que légèrement; le contenu
intracellulaire en ions est profondément modiflé, avec perte de
potassium et gains de sodium et de chlore; ii y a une augmentation
considerable de l'eau tissulaire. Après trois heures d'ischémie, une
certaine quantité de phosphatase acide est libérée dans Ic milieu oil
les coupes Cpaisses sont incubées; néanmoins, Ic taux total
d'activité de cette enzyme dans Ic tissu n'est guère modiflé, a
l'examen biochimique comme a l'examen histochimique; Ic produit
de Ia reaction histochimique reste toujours, méme après trois
heures d'ischémie, localisé dans les lysosomes. Les alterations mor-
phologiques décelées a l'examen histologique sont trés faibles aprCs
deux heures d'ischCmie, un peu plus importantes après trois heures,
oü l'on observe quelques cellules déjà détachées de leur membrane
basale. Ces modifications relativement mineures sont insuffisantes
pour prévoir l'évolution fatale de l'organe après ischémie.
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Dog kidneys examined one week after an ischemic
trauma lasting one hour exhibit greatly reduced func-
tion and widespread structural damage [1, 2]. Fur-
thermore, dog kidneys subjected to two hours' is-
chemia are rarely capable of sustaining sufficient
function to keep the animal alive after contralateral
nephrectomy [3]. On the other hand, various studies
of different aspects of the histological [4—81 and bio-
chemical [1, 3, 9—16] status of the proximal tubular
cell immediately after normothermic ischemia, par-
ticularly in the rat, have indicated that this entity is
apparently little damaged by the trauma. Such find-
ings, when taken together, call into question the
validity of in vitro evaluation to predict the state of an
entire organ [17].
In the present investigation, various biochemical
and morphological parameters concerning the prox-
imal tubular cell of the dog have.been examined in
the same sample immediately after ischemic traumas
of different durations; particular attention has been
paid to the role of the lysosomes in the pathogenesis
of ischemic injury on account of the widely held
opinion that cellular anoxia induces rupture of the
granules, subsequent autolysis of the cell being
caused by the enzymes liberated [18]. In undertaking
this study we had two principal aims. First, we
wished to explore the effect of ischemia on a variety
of parameters involved in the function of the renal
proximal tubular cell, some of which have seldom, if
ever, been examined previously in this context, in the
hope of discovering which were the most satisfactory
for the assessment of the condition of this epithelium.
Second, we wished to examine whether the dog
kidney revealed serious evidence, according to these
criteria, of irreversible damage after the trauma, or
whether, as in rats [13, 14], morphological and func-
tional tests at this stage would fail to detect wide-
spread cellular deterioration.
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Methods
Eighteen mongrel dogs were employed for the
studies of complete normothermic renal ischemia,
which lasted for one, two, or three hours. In the inter-
ests of randomization, the two kidneys of each dog
were subjected to different periods of ischemia. Con-
trol kidneys were excised from other animals and
studied by the same methods.
After administration of pentobarbital anesthesia
and performance of a laparotomy, normothermic is-
chemia was induced by clamping the renal artery in
situ, after complete mobilization of the organ by ty-
ing off and cutting all perirenal fat. The renal vein
was left open, but the ureter was clamped to prevent
any possibility of collateral circulation. After the is-
chemia, the arterial clamp was opened for a few
seconds, just to permit the removal of a 2-mi venous
blood sample for the determination of acid phospha-
tase, and then the kidney was immediately excised for
biochemical and histological examination.
The transport capacity of cortical slices was eval-
uated in vitro using methods previously described in
detail [1, 3]. Briefly, slices of cortex (thickness, 0.4
mm) were prepared with a spring-loaded guillotine
[19] and incubated for one hour at 37°C in a 0.1 mM
solution of '4C-labelled glycine or sodium para-
aminohippurate (PAH) in Krebs bicarbonate buffer.
Sodium acetate (10 mM) was added to the PAH solu-
tion to induce maximal uptake [20]. After the in-
cubation, the slices were weighed and dissolved in
potassium hydroxide (KOH) prior to counting in a
liquid scintillation spectrometer [21]; the uptake of
the substrate was calculated by comparison with the
specific activity of the incubation medium. The extra-
cellular space of cortical slices was determined by
incubation of parallel samples in '4COOH-inulin, and
the tissue water was estimated by desiccating samples
of cortex overnight at 110°C. From these findings,
the level of the substrate in the tissue can be expressed
as a distribution ratio between intra- and extra-
cellular water [1].
The intracellular ion contents were determined by
a modification of the technique of Acquatella, Perez -
Gonzalez, and Whittembury [22]. Small chunks of
cortex (approx. 200 mg) were cut out immediately
after excision of the organ, weighed, and then homoge-
nized in 1.0 ml of distilled water, The homogenate
was frozen and thawed three times using an ace-
tone/dry ice mixture in order to ensure complete
extraction, and then centrifuged. The sodium, potas-
sium, and chloride concentrations in the supernatant
were assessed and the concentrations in the original
tissue water were calculated. Knowing the water con-
tent of the original tissue, the extracellular space, and
the extracellular ionic concentrations, it is then pos-
sible to calculate the intracellular ion contents, ex-
pressed in zEq/g of dry tissue [22]. For these calcu-
lations, an extracellular space of 26%, as recom-
mended by Acquatella et al [22] for chunks of dog
kidney, was employed. This is probably a more real-
istic assessment of the situation in the chunks than
the determinations carried out on incubated slices,
in view of the presence of cut edges in the latter.
The plasma levels of the ions were considered to be
equivalent to the concentrations in the extracellular
spaces, since very rapid reflow had taken place before
excision of the organ.
The oxygen consumption of cortex slices was deter-
mined by incubating the tissues at 37°C in a Krebs
phosphate buffer containing 2 mg/mI glucose in War-
burg flasks (gaseous phase: pure oxygen) connected
to a Gilson differential respirometer. After equilibra-
tion for 30 mm, the oxygen consumption was deter-
mined over the next 50 mm at 10-mm intervals, and
the regression line between the measurements was
computed [23]. The tissues were then weighed and
desiccated, and the results were expressed as the vol-
ume consumed at Standard Temperature and Pres-
sure per unit of dry tissue. The water content of the
incubated slices was also computed. Finally, the acid
phosphatase appearing in the incubation medium
was assessed by gauging the enzyme level in the fluid
and expressing the release in terms of unit dry tissue
[23].
The total acid phosphatase in the cortex was deter-
mined by homogenizing chunks of tissue in a su-
crose/Tris medium (80 ml of 0.3 M sucrose + 20 ml of
Tris/HCI buffer, 0.05 M, pH 7.2). The homogenate
was frozen and thawed three times using an ace-
tone/dry ice mixture to release all bound enzymes,
and centrifuged at 100,000 g. The enzyme level was
then determined in the resulting supernatant, the pro-
tein content of which was assessed with the Folin
reagent [24]. For all determinations of acid phospha-
tase, the method of Fishman and Lerner [25] was
used.
For histologic study, segments of kidney were fixed
in 10% formol, neutralized with calcium carbonate,
embedded in paraffin, cut, and stained for study with
haemalum/eosin or Endes's trichrome stain [26]. For
histochemical analysis to explore the distribution of
acid phosphatase, samples were fixed in 10% neutral-
ized formol and infiltrated with Holt's sucrose/gum
arabic for 24 hr. Frozen sections (l0) were prepared
and incubated with ,3-glycero-phosphate for the anal-
ysis of acid phosphatase [27]. Control samples were
incubated in the absence of substrate.
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Results
The uptake of glycine and PAH by cortical slices is
significantly diminished after ischemia, the decrease
being progressively greater after longer periods
(Table I). Furthermore, the reduction in PAH uptake
is more pronounced than that of glycine uptake. The
extracellular space of the slices increased slightly, but
the changes are not statististically significant.
Oxygen consumption by slices of ischemic kidney
was reduced to a lesser extent by the trauma, as seen
in Table 2. Also included in this table is the tissue
water of slices at the end of the incubation; the pro-
gressive increase in this parameter suggests that the
cells are no longer able to maintain their usual vol-
ume by means of their ion pumping mechanisms.
Acid phosphatase has been assessed biochemically
in three ways (Table 3). The concentration of this
enzyme in the blood leaving the renal vein immedi-
ately after the ischemia, which can be considered as a
crude assessment of the accumulation in the renal
vascular tree, was greater than its normal circulating
level. Furthermore, there was an increased liberation
of the enzyme by slices of ischemic kidney during
incubation in the respirometer. On the other hand,
the total enzyme activity in cortical tissue following
ischemia hardly differs from that found in control
kidneys.
In four animals, the ion contents were determined
in control kidneys and organs subjected to two hours'
ischemia. The results are presented in Table 4, and
indicate that the concentration of sodium and chlo-
ride increased in the ischemic kidneys while that of
potassium was reduced. Provided the extracellular
space is relatively unchanged by the ischemia, as the
results with the slices suggest (Table 1), and provided
the plasma concentrations of the ions reflect the levels
in the interstitial spaces, the intracellular ion contents
in the tubular cells can be estimated. These calcu-
lations show that the gain in sodium after the is-
Extracellular
Distribution Ratios
Glycine uptake PAl-I uptake
space
%
Controls(19) 5.28 0.38 6.80 + 0.56 37.0 1.4
lschemia:
One hour(l 1) 4.59 + 0.43 5.26 + 0.48" 38.5 + 1.4
Two hours (12) 4.11 + 0.31" 3.23 + 0.37 39.0 + 2.7
Three hours (II) 3.65 ÷ 0.24 2.45 + 0.38c 43.0 34
Controls(12) 168 + 4
Ischemia:
One hour (li) 149 8" 4.51 0.07"
Two hours(l0) 145 + 9" 4.88 0.09c
Three hours(10) 106+ 10° 5.11
chemia is approximately equivalent to the sum of the
loss of potassium and the gain in chloride, expressed
in the same units.
Various correlations between the different parame-
ters examined were explored. The best correlations
observed concerned PAH uptake and tissue water (r
= 0.76) and PAH uptake and acid phosphatase re-
lease into the incubation medium (r = 0.70; Fig. 1).
In general, correlations concerning glycine uptake or
oxygen consumption were poor and only revealed
low levels of significance.
Morphological examination revealed that, after
one hour's ischemia, the tubular lumina were en-
larged, as reported by Cain and Fazekas [4], and the
intercellular spaces between the tubular cells were
slightly dilated. Traces of precipitate, probably in-
cipient casts [2, 28], were sometimes observed in the
loops of Henle. After two hours' ischemia, the same
pathological signs were present and were accom-
panied by relative hyperemia at the cortico-medullary
junction.
One hour later, the lesions were more pronounced.
Patchy edema was encountered in the outer cortical
region, and foci of swollen cells were observed in the
inner cortex. In addition, some of these swollen cells
were detached from their basement membranes. Nu-
clear staining in these detached cells was preserved,
but their cytoplasmic details could no longer be dis-
tinguished. No signs of cellular necrosis were ob-
served at this stage, but it must be presumed that the
detached cells were necrobiotic and would be trans-
formed after reflow into the necrotic foci that have
been described by other workers [14].
Finally, histochemical evaluation of the distribu-
tion of acid phosphatase was performed on represen-
tative samples of each group of kidneys. No pro-
nounced differences in the intensity of the reaction
were observed between the series. In particular, even
after three hours' ischemia, the acid phosphatase ac-
Table 2. Oxygen consumption and tissue water°
Oxygen consumption Water content
isi/min/gof inl/gof
dry tissue dry tissue
4.20 0.09
Oxygen consumption determined during incubation in a Krebs
phosphate buffer with 2 mg/mI glucose; tissue water assessed
at the end of the incubation. Results are means + SM of the
number of observations in parentheses. Comparison with con-
trols are according to t test.
b P < 0.05.
P < 0.001.
Table 1. Transport of glycine and PAH by cortical slices"
Cortical slices incubated 1 hr at 37°C in 0.1 mM glycine or PAH
in Krebs bicarbonate buffer. Parallel slices incubated in
inulin-'4COOH for determination of extracellular space. Results
are means SEM of the number of observations in parentheses.
Comparison with controls are according to Student's t test.
"P < 0.05.
"P < 0.001.
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Table 3. Ad d phosphatase6
Level in Liberation by slices into Total activity of
renal vein blood incubation medium tissue homogenates
lU/liter of plasma IU/g of dry tissue IU/g of protein
Controls 3.0' + 0.9 (II) 2.48 0.18 (12) 13.2 0.5 (12)
lschemia:
One hour 18.7 2,4d (12) 3.32 0,29b (8) 11.5 0.9 (12)
Two hours 24.4 4.7" (9) 3.98 0.35 (6) 10.1 II" (10)
Three hours 37.5 5.9" (9) 5.80 0.38" (6) 12.9 1.1 (9)
All values expressed in International Units (smoles p-nitrophenyl phosphate hydrolyzed per mm). Enzyme level in renal blood assessed
immediately after release of the clamps (control represents normal plasma level); activity of tissue homogenates determined in high-speed
supernatant and expressed in terms of soluble protein; and activity liberated into the medium gauged after incubation of slices for 80 mm
at 37°C, and expressed in terms of g of dry tissue. Number of values given in parentheses in each case; results expressed as means SEM;
comparison with controls according to t test.
P < 0.05.
P < 0.01.
"P < 0.001.
tivity was not diffuse, but retained in granular form
within the cell (Fig. 2).
Discussion
One of the aims of this study was to test the relia-
bility of various biochemical parameters in the assess-
ment of renal cellular damage as a result of ischemia.
The results reveal that certain parameters are more
sensitive indicators of cellular degradation than oth-
ers. Thus, PAH uptake is more easily reduced by
ischemia than glycine uptake, and provides better
correlations with the other parameters. Indeed, in
earlier work, we were disturbed by the small changes
in glycine transport that were recorded during allo-
transplant rejection [1] or in nonfunctional kidneys
Table 4. Ion contents of cortical tissue after two hours' ischemia6
Coitrol Ischemic F,,,6
Water content
ml/g of dry tissue 3.39 4.09 831
Tissue ion concentrations
mEq/liter of tissue water
Sodium 86 119 63
Potassium 111 76 234
Chloride 96 114 185
Intracellular ion contents
inEq/kg of dry tissue
Sodium 144 312 194
Potassium 333 280 47
Chloride 204 324 654
Tissue ion contents
mEq/kg of dry tissue
Sodium 293 496 247
Potassium 375 312 54
Chloride 325 471 798
° In four dogs, the cellular ion contents of ischemic and contra-
lateral control kidneys were determined in three chunks of each
cortex. The values for intracellular ion contents were calculated
on the basis of 26% extracellular space (see Methods), using
values for the extracellular concentrations of Nat, 150 mM; K,
5 mM; and Cl, 110 mM. Statistical evaluation by means of a
random-block analysis of variance with replicates providing
values of F,,,6.
reimplanted after preservation in vitro [2]. However,
other workers have noted that PAH accumulation is
also maintained at relatively high levels following
rejection [29] or ischemia [14]; so it would appear
that all transmembrane transport processes in the
proximal tubular cells are retained despite apparent
irreversible injury to the organ as a whole. It must be
concluded, nevertheless, that PAH transport, in view
of the good correlations with other parameters and
also in view of its cellular specificity, is a more suit-
able parameter than glycine transport as a means of
assessing renal tubular function in vitro.
Oxygen consumption, like glycine transport, ap-
pears to be a poor indicator of the state of the cells, as
has also been pointed out by other investigators [17].
Indeed, evidence has recently been obtained that un-
coupling of oxidative phosphorylation accompanies
progressive tissue injury [14], a fact that would in-
validate the use of oxygen consumption alone as an
index of tissue viability. Increased cell water, on the
other hand, has been shown to be one of the first
0
0
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0.I
10
2
r= 0.704
0
1
2 4 6 8
Acid phosphatase release, IU/g of dry tissue
Fig. 1. Correlation between PA H uptake by cortex slices and acid
phosphatase release during incubations in Vitro. Open circles =
control kidneys; closed circles = 1 hr ischemia; open triangles = 2hr
ischemia; closed triangles = 3 hr ischemia.
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Fig. 2. Cortical tissue after 3 hr ischernia. Acid phosphatase activity is still principally localized
in cytoplasmic granules (lysosomes). X 500.
manifestations of ischemic damage [14] and, further-
more, has revealed a very good correlation with PAH
uptake in the present study.
The determination of intracellular ion contents, a
technique recently introduced by Acquatella et al [22],
has the advantage of being applicable to a large
number of tissues; its disadvantage lies on its depen-
dence for the calculations on an exact knowledge of
the extracellular space of the tissue in vivo. This
parameter is difficult to measure with precision and,
therefore, the drawback renders the method less
accurate than it might otherwise have been. In most
cases, however, correction for the extracellular ions
represents an unnecessary refinement, and the uncor-
rected data reveal the relevant ionic shifts, as also
reported by other workers [6, 30, 31]. Nevertheless,
calculations of the intracellular ion contents, showing
that the gain in sodium is equivalent to the sum of
the loss of potassium and the gain in chloride, agree
with the concept that kidney cortex cells possess
two distinct sodium-pumping mechanisms, one which
involves a Nat K exchange and the other a coupled
movement of Na + C1 [32]. The present results
indicate, furthermore, that both pumps are affected
by the ischemia.
Acid phosphatase release into the incubation me-
dium, a technique first proposed by Abbott and Sell
[17] as being a highly sensitive means of determining
cellular integrity, is seen to correlate well with PAH
uptake. The fact that the total acid phosphatase con-
tent of the tissue does not change, while the liberation
of the enzyme is increased, implies that the enzyme is
released from the bound state during the ischemia.
We have used the measurement of the liberation of
acid phosphatase into the incubation medium as a
test for cellular integrity in intestinal [33] and colonic
[23] strips as well as renal slices, and it has always
shown itself to be a reliable and reproducible index of
cell damage.
It has been widely accepted in recent years that the
lysosomal membrane is labilized by ischemia, though
dissenting views have recently been expressed [34,
35]. The biochemical and histochemical determina-
tions agree that the total acid phosphatase activity in
the tissue is unchanged throughout the ischemia, as
has also been shown by other investigators even when
the entire kidney pedicle was clamped [36]. Further-
more, the histochemical studies suggest that the en-
zyme is maintained within the lysosomal granules
throughout the ischemia. Indeed, the release of acid
phosphatase into the blood during the ischemia is
seen to be modest if the terms of reference of the
different measurements reported in Table 3 are com-
pared. However, there is a considerable enhancement
of the liberation of acid phosphatase into the in-
cubation medium following ischemia, despite the ap-
parent integrity of the lysosomes at the moment of
excision. This result could signify that the stability of
the lysosomal membrane, affected by the ischemia, is
only manifested during subsequent incubation in
vitro.
Finally, this work confirms the observations al-
S S.C-i ;#*.
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ready made on ischemic rat kidney that irreversible
damage can be caused without immediate structural
and functional alterations becoming apparent. The
histologic investigations in the present work demon-
strate that only slight changes have occurred at the
light microscopic level after an ischemia of one hour,
and this result is reflected in the relatively small,
though often significant, reductions in the functional
parameters. After two hours' ischemia, there seems to
have been little progression in the lesions visible, and
the fact that the cells are still able to transport both
PAH and glycine actively would indicate that both
membrane structure and oxidative metabolism are
maintained at a finite, albeit reduced level. After
three hours' ischemia, more pronounced morpholog-
ical damage is apparent and is accompanied by
more severe reductions in the biochemical parame-
ters. The persistence of structural integrity and rela-
tively good function in vitro immediately after one
hour's ischemia of the rat kidney, followed by rapid
deterioration after reflow, has been described and
discussed in detail by other authors [13]. A similar
situation appears to occur after two hours' ischemia
of the dog kidney. The relative contributions of cellu-
lar injury per se and of extraceliular factors (redistri-
bution of blood flow, edema, etc.) to this situation
are difficult to assess; if, indeed, irreversible cell
change is caused by the ischemia, then the prime
factor involved remains as elusive from these studies
as from the previous ones [13,14]. Finally, the results
call into question the efficacy of in vitro evaluation
for the prediction of renal tissue integrity. Abbott
and Sell [12, 17] have insisted on the necessity of
studying a large number of biochemical parameters
in parallel in order to obtain an overall picture of the
state of an organ; the present findings fully support
their point of view.
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